Polymers were easily obtained with the feed ratios (thiophene : iI : ProDOT) of 2 : 1 : 1, 4 : 1 : 3, and 5 : 1 : 4 for P1, P2 and P3, respectively. P1 exhibits a cyan color in the neutral state and a transmissive grey color in the oxidized state. Both P2 and P3 display a change from black to transmissive on conversion from the neutral to the oxidized state. An increase in the ProDOT content was helpful for enabling the extension of the absorption peak of the polymers across the entire spectrum and also improving the switching property of the polymers. In general, the introduction of iI as the A unit for the construction of D-A-type polymers provides the field of electrochromic devices with verifiable performance and deserves further investigation to obtain more promising electrochromic materials.
Introduction
Conjugated polymers have received extensive attention since the discovery of the conductive character of polyacetylene upon doping.
1,2 Signicant efforts have been made by scientists to design and synthesize later models of conjugated polymers (CPs), which have superior electrical and optical properties.
3,4
The modiable structures of CPs make them fascinating candidates for a variety of applications including sensors, 5 supercapacitors, 6 photodiodes, 7 eld-effect transistors, 8 photovoltaics, 9 and, in particular, electrochromic materials. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Electrochromic CPs are characterized by the reversible switching of the displayed colors upon tuning the difference in the applied voltage. As electrochromic materials, many of their excellent properties have provided them with valuable uses, and the merits of CPs include high solubility in common organic solvents, good lm processing ability, strong optical contrasts, fast response times, and ne-tuning of colors via structural modication.
11 At present, a large number of polymers have been designed and synthesized, which include polypyrrole and its derivatives, 12 polythiophene and its derivatives and polyaniline, etc. 13, 14 Differences in the electrochromic properties of the polymers may arise from differences in terms of their key physical parameters, e.g., molar absorptivities, energy levels of the frontier molecular orbitals and geometries, which control the essential attributes of CPs such as their redox behavior and the generation of polarons or bipolarons.
11
As is generally known, the band gap is the difference in energy between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), 13, 15 which determines the intrinsic optical properties of electrochromic polymers. According to a previous report, the band gap of CPs with donor-acceptor congurations can be effectively tuned owing to the occurrence of resonance and intramolecular charge transfer, 13 by which the donor unit can elevate its HOMO energy level and the acceptor unit can lower its LUMO energy level, respectively. Thiophene and its derivatives, e.g., 3,4-dialkoxythiophene (DalkOT), 3-alkylthiophene, propylenedioxythiophene (ProDOT), 3,4-ethylenedioxythiophene (EDOT), etc., are usually used as the donor unit.
11 Moreover, electrondecient units are frequently used as the acceptor unit, incorporating benzothiadiazole (BTD), benzimidazole, benzotriazole, quinoxaline or pyridopyrazine as the acceptor.
CPs with a D-A conguration usually exhibit double distinct absorption bands, which can be tuned by changing the compositions of the moieties in the polymer backbone, in particular, the molar ratios of the donor units to the acceptor units. 16 In ideal circumstances, "merging" of the bands could be anticipated, which suggests the possible availability of neutral black polymers (that switch to a transmissive state in the oxidized state), which have remained elusive up to the present, apart from the remarkable studies conducted by Reynolds et al., Xu et al., Kim et al., and Cihaner et al. [17] [18] [19] [20] [21] [22] Reynolds et al. selected three units as precursors for polymerization, namely, 2,5-dibromo-and 2,5-bis(tributylstannyl)-substituted ProDOT and 4,7-dibromo-2,1,3-benzothiadiazole (BTD), and conducted random polymerization with a series of molecular ratios. Different CPs with variable absorption proles was obtained by the above procedure, which even included a neutral black polymer with seamless coverage of the entire wavelength range of visible light. 16 A newly reported neutralstate black polymer was obtained by the copolymerization of four different units, namely, diketopyrrolopyrrole (DPP), DalkOT, ProDOT and thieno [3,2-b] thiophene units. 19 With the condition that suitable monomers are chosen, electrochemical copolymerization has also been shown to be an effective way of preparing neutral-state black polymers. 21, 22 It is a necessary, but not sufficient, condition that an overlap in the absorption proles of the homopolymers of the respective monomers could provide saturation coverage of the entire visible spectrum.
21,22
A relatively new receptor, which is receiving increasing attention, is isoindigo (iI), which is an isomer of the commonly used dye indigo. 15 The related precursor compounds are commercially available in bulk quantities, and existing synthesis facilities can be used for the further development of the materials. In view of these advantages, many D-A-type polymers that employ iI as the acceptor have been synthesized and their applications in the eld of organic photovoltaics (OPVs) have been well documented. 23 The absorption spectra of D-A-type polymers that contain iI are mainly determined by the structure of the electron donor units and usually display two distinct bands, of which one is located between 400 and 500 nm and the other is located between 550 and 750 nm. 23 Both these bands are due to p-p* transitions: the short-wavelength band is directly related to a local excited state and the long-wavelength band can be attributed to intramolecular charge transfer. 23 The optical band gaps of polymers containing iI that have been reported to date ranged between 1.87 eV for a uorene-iI copolymer 24 and 1.35 eV for a diketopyrrolopyrrole-iI copolymer. 25 Lower optical band gaps are available when the electron donor units are exclusively composed of thiophene rings, including thiophene, bithiophene, terthiophene, and even their fused derivatives such as thienothiophene (TT) or dithienosilole (DTS).
23
As far as we know, there are few reports concerning the employment of D-A-type polymers containing iI as electrochromic materials, not to mention the preparation of neutral black polymers based on iI. In this paper, isoindigo was selected as the acceptor unit for the preparation of D-A-type electrochromic materials, as shown in Scheme 1, in which thiophene and 3,3-didecyl-3,4-dihydro-2H-thieno [3,4-b] [1,4]dioxepine (ProDOT-decyl 2 ) were selected as the donor units with the aim of obtaining polymers with a low optical band gap. The feed ratios of the donor units (D) to the acceptor unit were modulated by adjusting the molar ratios of ProDOT to iI. It is suggested that the random copolymerization of three units provided the lowest optical band gaps among D-A-type polymers containing iI with solution-processable properties. Furthermore, the two distinct absorption bands due to p-p* transitions merged into a homogeneous broad band covering the entire visible wavelength range at specic feed ratios. Three candidates for use as polymeric electrochromic (PEC) materials exhibited moderate transmittance (DT%) and high coloration efficiency (CE), as well as valuable color changes, and represent fascinating candidates as active materials for the fabrication of near infrared devices (IRD).
Experimental

Materials
2,2-Didecylpropane-1,3-diol was obtained as described in a previous report. 26 
À1
, purchased from Shenzhen CSG Display Technologies, China) was washed with ethanol, acetone and deionized water sequentially under ultrasound and then dried in a N 2 ow before use.
Instrumentation
1 H NMR and 13 C NMR spectroscopy studies were carried out with a Varian AMX 400 spectrometer, and tetramethylsilane was used as the internal standard and deuterochloroform as the solvent. UV-vis-NIR spectra were recorded using a Varian Cary 5000 spectrophotometer connected to a computer. A selfassembly electrolytic cell was used for spectroelectrochemical analysis and was constructed from a quartz cell (10 mm Â 10 mm Â 45 mm). A platinum wire (F 1 mm) was used as the counter electrode, ITO glass, which was spray-coated with polymer lms, was used as the working electrode, and the reference electrode was an Ag wire (F 1 mm, 0.02 V vs. SCE). The potential differences applied to the electrodes were controlled by an electrochemical analyzer (CHI 760 C, CHI Co., Ltd, Shanghai, China), which was also used for cyclic voltammetric measurements of the polymers. Spectroelectrochemical and colorimetric measurements were conducted with a Varian Cary 5000 spectrophotometer using the potential differences applied to the electrodes with the help of the electrochemical analyzer. Additional color analysis soware was needed for the colorimetric analysis. Digital photographs were taken using a commercially available digital camera with 24 million pixels. The polymers were dissolved in chloroform with a concentration of 5 mg mL À1 , the insoluble matter was ltered off, and the polymer solutions were reserved in a dark place for the fabrication of polymer lms. The polymer lms were coated on the ITO electrode by a spray-coating method using an art spray gun, and the active surface of the polymer lms was 0.9 cm Â 3.0 cm. The supporting electrolyte was prepared by dissolving 0.1 M TBAPF 6 in ACN and was used throughout in spectroelectrochemical and kinetic switching studies. 26 and the synthetic route is shown in Scheme 1. A mixed solution consisting of 15 mmol EDOT, 20 mmol diol, 1.8 mmol PTSA and 250 mL toluene was put into a single-neck round-bottom ask. Then, the ask was equipped with a Soxhlet extractor with type 4A molecular sieves in a piece of cotton cloth. The above solution was reuxed under an argon atmosphere for 24 hours. Aer cooling, the mixed solution was washed with deionized water in a separating funnel. The solvent was removed by distillation under vacuum. The obtained product was puried by column chromatography on silica gel using a mixed solvent (hexanes/DCM, 3 : 2, v/v). 1 26 NBS (5.34 g, 30 mmol) was dissolved in 100 mL chloroform (solution 1). ProDOT-decyl 2 (5.46 g, 12.5 mmol) was dissolved in 150 mL of a mixed solvent of chloroform and acetic acid (1 : 1, v/v) in a three-neck round-bottom ask (solution 2). Solution 1 was added dropwise to solution 2 with stirring at room temperature. Then, the mixture was maintained at 70 C for a further 24
hours. Aer cooling, the mixture was poured into an aqueous solution of sodium thiosulfate, mixed thoroughly, and extracted with chloroform, and the organic layer was rinsed with deionized water three times and dried over magnesium sulfate. The solvent was removed by rotary evaporation under reduced pressure. The crude product was puried by column chromatography with a yield of 87%. 1 H NMR (CDCl 3 , 400 MHz, ppm): mixture was stirred magnetically and heated to 105 C for 48 hours. Aer cooling to ambient temperature, the solvent was removed under reduced pressure. The remaining black solid was redissolved in a small amount of chloroform, and was then precipitated in methanol. Subsequently, the polymer was obtained by ltering off the methanol and was puried by Soxhlet extraction. The solvent in the subsequent process was selected from methanol, acetone and chloroform. The chloroform fraction was concentrated and precipitated in methanol. Polymer 1 was obtained by suction ltration as a black solid. P2 and P3 were prepared employing the same procedure, although the feed ratios were different from each other, as shown in Scheme 1. 
Results and discussion
FT-IR spectra of polymers
To characterize the compositions of the polymers, their FT-IR spectra were recorded, and the results are shown in Fig. 1 . The absorption proles and peak locations of the polymers were nearly the same as each other, although the relative strengths of the specic absorption peaks varied, which was due to the different feed ratios of the monomers in the different polymers. Taking P1 as an example, its infrared absorption peaks were consistent with the molecular composition of the polymer backbone. Specically, the intense absorption peaks located between 720 cm À1 and 872 cm À1 in the ngerprint region were due to the out-of-plane bending vibrations of C-H bonds on the benzene or thiophene rings. The absorption peaks located at approximately 1072 cm À1 , 1112 cm À1 , and 1182 cm À1 were due to the stretching vibrations of C-O, C-N, and C-S single bonds, which were present in monomer 1, monomer 2, and monomer 3, respectively. 29, 30 The absorption peaks located at approximately 1377 cm À1 and 1456 cm À1 were due to the bending vibrations of methyl and methylene groups, which were present in the alkyl side chains of monomer 1 and monomer 2, respectively. The absorption peaks at approximately 1607 cm
À1
to 1692 cm À1 were caused by the stretching vibrations of C]C
or C]O bonds or benzene rings, which were present in monomer 2. Furthermore, the absorption peaks at approximately 2851 cm À1 and 2922 cm À1 could be attributed to the stretching vibrations of the saturated C-H bonds in the alkyl side chains in both monomer 1 and monomer 2. Besides, the absorption peak at 3458 cm À1 was due to the stretching vibrations of the unsaturated C-H bonds on the benzene (monomer 2) or thiophene rings (monomer 3). According to the above analysis, it could be concluded that the target polymers were obtained as expected.
Electrochemical characterization
Fig . 2 shows the respective CV curves of the polymers between À2 V and 2 V at a potential scan rate of 100 mV s À1 . A polymercoated ITO electrode was used as the working electrode, and the electrolyte used was 0.2 M TBAPF 6 dissolved in ACN. During the p-doping process of P1, two redox peaks were observed at 1.12 V vs. 1.03 V, and an additional oxidation peak was also found at 1.61 V. The peaks located at 1.12 V and 1.61 V were related to the occurrence of polarons and bipolarons, respectively. The peak located at 1.84 V was an irreversible reduction peak corresponding to an oxidation peak at a higher potential, and at this oxidation potential bipolarons were dispersed throughout the polymer backbone. Polymer P1 also had characteristics of ntype doping, which was indicated by the presence of an obvious reduction peak located at À1.16 V. Similar CV proles were also found for the other polymers. The redox peaks caused by the p-doping process were located at 1.16 V vs. 0.92 V and 1.13 V vs. 0.88 V for P2 and P3, respectively. Moreover, the n-type doping characteristics of the polymers were also conrmed by the presence of reduction peaks located at À1.18 V for P2 and À1.20 V for P3, which were observed in the negative scan. During the positive scan, the lms were oxidized gradually owing to the formation of radical cations including polarons and bipolarons. 11 In the intermediate potential intervals, for example, À0.75 V to 0.76 V for P1, the polymers were in a neutral state and carried no charge. At a potential of À1.16 V for P1, electrons were transferred from the electrode to the polymer and were then delocalized on the polymer backbone, which caused changes in the energy levels of the polymers. The oxidation onset potentials (E onset ) of the polymers were determined by taking the intersection of the baseline and the tangent to the oxidation peak, and their values were 0.70 V, 0.65 V, and 0.57 V for P1, P2 and P3, respectively.
11 It was observed that the donor-to-acceptor feed ratios of the polymers were related to the E onset values of the polymers. Obviously, the feed ratios of the donor units to the acceptor unit of the polymers were 3, 7 and 9 for P1, P2 and P3, respectively. An increase in the proportion of donor units, in particular the ProDOT-decyl 2 unit, had a benecial effect by improving the electron-donating ability of the donor unit within the polymer. 4 Hence, we can see that an increase in the feed ratio of the donor units to the acceptor unit could reduce the E onset potential of the polymers. According to the donor-acceptor theory, push-pull action between the donor and acceptor units could promote intracellular transfer and increase the p character of double bonds along the backbone of the polymers. 31 As a result of orbital hybridization, an electron donor group can increase the energy of the highest occupied molecular orbital (HOMO), which makes oxidation easy to achieve and could account for the reduction in the values of E onset as the proportion of the donor unit was increased. 
Morphology
In order to describe the surface and bulk morphologies of the polymer lms clearly, scanning electron microscopy (SEM) was employed, and the polymer lms were also prepared using a spraying method. SEM images of P1, P2, and P3 are shown in Fig. 3 . The morphology of P1 is shown in Fig. 3a , which displays a texture like stripes on the surface of the lm, which indicates that the particles were isolated from each other. Nanoparticles with ake-like shapes were uniformly distributed on the polymer surface with extremely irregular shapes. The morphologies of the two other polymer lms were very similar to that of polymer P1, which might be because the same monomers were used for the preparation of the polymers. There is no denite relationship between the morphology of a polymer lm and its electrochromic properties. Nevertheless, the nanostructured smooth morphology of the polymer lms would be benecial for improving their overall electro-optical performance. 4 
Optical properties of copolymer lms and solutions
The absorption spectra of the three copolymers in the form of lms and solutions were recorded with a spectrophotometer, and the obtained spectral proles are presented in Fig. 4 . The polymer lms were obtained by a spraying method, as mentioned above. The polymer solutions were obtained by dissolving the polymers in chloroform with appropriate concentrations. As shown in Fig. 4a , two well-separated well-dened absorption peaks were found at 448 nm and 663 nm for the P1 lm, which corresponded to a p-p transition and intramolecular charge transfer, respectively. For P1, the intensity of the high-energy absorption peak (448 nm) was much lower than that of its low-energy absorption peak (663 nm) because its content of the electron-rich ProDOT-decyl 2 unit was much lower than in both P2 and P3. Taking into account the reduced absorption between 448 nm and 663 nm, a broad window for the transmission/reection of violet, blue, cyan, green, yellow and orange light led to the grey-blue color of P1 (Fig. 4a) . By increasing the percentage content of the ProDOT-decyl 2 unit, the relative intensities of the two bands were reduced. For the polymers P2 and P3, merging of the two absorption bands was observed, which resulted in a homogeneous absorption covering the entire visible spectrum (420-720 nm). Consequently, polymers P2 and P3 exhibited a similar black color owing to their seamless coverage of the entire visible spectrum (Fig. 4a) . The absorptions of the three polymers in solution were also recorded, as shown in Fig. 4b . Two distinct absorption bands were observed for the three polymers, which represented shortwavelength and long-wavelength optical transitions, respectively. The absorption peaks were located at 462 nm and 671 nm for P1, 488 nm and 652 nm for P2, and 490 nm and 637 nm for P3, respectively. 28 In comparison with the polymer lms in the solid state, the feed ratios of the donor units to the acceptor unit had a more profound effect on the relative absorption intensity. It was very interesting to nd that there was a regular change regarding the relative absorption intensities of the two distinct absorption bands of the three polymers. For P1, the intensity of the former absorption band was much lower than that of the latter band, and the absorption intensities were comparable to each other for a solution of polymer P2. However, for a solution of polymer P3, the latter absorption band was somewhat weaker than the former band, in contrast to the case for P1. The weak absorption band of the P1 solution between 400 and 550 nm allowed some purple, blue and cyan-colored light to be transmitted through the solution, and therefore the P1 solution exhibited a cyan color because human eyes are more sensitive to cyan than purple and blue light (Fig. 4b) . As for the P2 solution, its absorption band uniformly covered the entire visible region between 400 nm and 750 nm, which meant that the P2 solution exhibited a saturated black color. With respect to the P3 solution, there was a weak transmission window between 600 nm and 750 nm, which allowed perceptible red light to be transmitted through the solution, and therefore the solution exhibited a dark gray color. 30 There was some difference in UVvis absorption between the lms and the solutions of the polymers, which was mainly found in the relative absorption intensities of the high-energy absorption and low-energy absorption of the polymers. The reason for this difference might arise from the difference in the state of molecular aggregation of the polymers between the lm and solution states.
Spectroelectrochemical properties
The spectroelectrochemical spectra of the polymers are shown in Fig. 5 . Prior to the measurements, repeated CV measurements were conducted for each lm until a stable and repeatable curve was obtained. P1 was oxidized from 0 V to 1.30 V in irregular potential steps, and the absorption spectra are shown in Fig. 5a . When the oxidation potential exceeded 0.70 V (E onset of P1), the double bands in the visible region decreased gradually, and other two peaks due to intramolecular polarization appeared and intensied at 915 nm and 1350 nm in the near infrared region, which were due to the generation of polarons and bipolarons, respectively. Polarons and bipolarons are states of polymers formed during electrochemical oxidation, which are characterized by the presence of radical cations with different contents on the backbones of conjugated polymers; the latter was more stable than the former. 30 The absorption peak in the visible region did not completely disappear in the fully oxidized state of P1, and the absorption proles in the near infrared region also extended into the visible region. In this case, P1 switched between a cyan color and a transmissive grey color. However, for P2 and P3, as a result of the increase in electron donors in the polymer, which led to the complete lling of the low-absorption regions in the short-and longwavelength transitions of P1, unsurprisingly, the colors of P2 and P3 were very close to black to the human eye (Fig. 5b and c) .
Owing to the formation of polarons and bipolarons, new absorption peaks were formed in the near infrared region, which were located at 903 nm and 1396 nm for P2 and 931 nm and 1330 nm for P3, respectively. In the fully oxidized states of P2 (1.05 V) and P3 (1.12 V), they both switched to a transmissive light gray color. The isosbestic points of the three polymers were found at 760 nm, 710 nm and 690 nm for P1, P2 and P3, respectively, where the three polymers were successfully interconverted from the neutral state to the radical cation state.
31
Essential parameters regarding the electrochemical and spectroelectrochemical properties of P1, P2, P3 and some donor-acceptor polymers containing isoindigo are summarized in Table 1 . The parameters were calculated according to previous reports and include l onset , which was determined by taking the intersection of the baseline and the tangent to the low-energy absorption peak, the absorption peak in solution (l max,solution ) and in the lm state (l max,lm ), E onset , the optical band gap (E g ) and the HOMO/LUMO energy levels of both copolymers. E g , E HOMO and E LUMO were calculated by the and E LUMO ¼ E HOMO + E g , respectively.
As shown in Table 1 , from P1 to P3 the increase in the feed ratios of the donor units elevated the HOMO levels of the polymers, whereas the LUMO levels of the polymers remained nearly unchanged at the same time. As a result, the E g values decreased with the increase in donor-to-acceptor feed ratios and P3 had the lowest E g of 1.27 eV, which is typical of a conjugated polymer with a low optical band gap. Table 1 also lists the parameters of other D-A-type polymers containing iI, including P(iI-T), the copolymer of thiophene and iI;
24 P(iI-ProDOT), the copolymer of propylenedioxythiophene (ProDOT) and iI; derivatives and iI; 25 and P(iI-DPP), the copolymer of diketopyrrolopyrrole and iI. 25 Importantly, among the polymers listed in Table 1 , P3 had the lowest optical band gap of 1.27 eV, which was slightly lower than that of P(iI-DPP), which had been considered to have the lowest optical band gap up to the present. Studies of the electrochromic performance of D-A-type polymers containing iI have not been reported, although their applications in the elds of organic photovoltaics (OPVs) and organic eld-effect transistors (OFETs) have made great progress since the rst report of a polymer containing iI by Reynolds et al. in 2010. 24, 34 A low optical band gap is essential for polymers with excellent electrochromic properties. It was therefore necessary to study the electrochromic properties of the iIcontaining polymers P1-P3 synthesized in this work.
Electrochromic switching studies
Kinetics studies were carried out by regulating the potentials applied to the polymer lms via the multi-potential steps technique performed using an electrochemical analyzer, and at the same time the transmittance of light through the polymer lms was monitored with a spectrophotometer. 11 Then, the dynamic switching parameters of the polymers were determined by analysis of the data obtained from the kinetics studies, which included the optical contrast (DT%), response time (t 95% ), and coloration efficiency (h) of the polymers. Among these, DT% refers to the percentage change in transmittance between redox states at a given wavelength, which is usually recorded at the maximum absorption wavelength. The t 95% value was dened as the time necessary for 95% of full optical switching when switching between the neutral and oxidized states.
11 For P1, the DT% values were 8.7% at 460 nm and 11.4% at 660 nm, which were somewhat lower than those of P2 (21.0% at 520 nm) and P3 (20.6% at 510 nm) (Fig. 6 ). It is apparent that an increase in the feed ratios of the donor units to the acceptor units was benecial for improving the DT% values in the visible region, which might be due to the intensication of the highenergy absorption peaks, as discussed above. Moreover, all three polymers possessed strong optical contrasts in the near infrared region, and the DT% values were 27.4% at 1600 nm for P1, 28.0% at 915 nm and 34.1% at 1500 nm for P2, and 17.8% at 850 nm and 31.3% at 1330 nm for P3 (Fig. 6) . With respect to the response times of the polymers, as seen in Table 2 the response times decreased from P1 to P3 at the maximum absorption wavelengths in the visible region. However, the regular pattern was not observed in the NIR region. As reported in previous studies, PProDOTs-type polymers displayed the fastest response times of less than 0.6 s in the visible region. In this case, the decrease in response times from P1 to P3 in the visible region could be attributed to the increase in the percentage content of ProDOT-decyl 2 units in the copolymers. 35 The coloration efficiency (h) is a key parameter for evaluating the energy utilization efficiency during the switching process driven by electrical power, and is dened as the change in optical density (DOD) with respect to the charge consumed per unit area of the electrode (DQ). The equations used for calculation are given below:
where T b and T c represent the transmittance in the neutral and oxidized states, respectively, which could be obtained from Fig. 6 and were used for the calculation of DOD, the change in optical density at a given wavelength. DQ is the amount of charge injected per unit area of the sample. Q could be determined via the integration of the electricity consumption during a cycle of performance in the multi-potential step curves, and A refers to the active area of the lms. The h values of the three polymers are summarized in Table 2 , from which it can be seen that P2 exhibited the best performance in terms of h values at all wavelengths, followed by P3 and P1 in succession. It is also apparent that the h values were generally higher in the NIR region than in the visible region. The color-switching speed of EC materials is a very important parameter that determines whether or not they can be employed in the eld of display devices. In this case, the changes in DT% values were measured at a determined wavelength while changing the retention times in multi-potential switching to periods of 10 s, 5 s, 3 s, 2 s and 1 s. For P2, a DT% value of 30.2% was recorded at 520 nm (10 s), which was reduced to 25.7%, 19.0%, 16.8% and 11.3% when the switching time was decreased to 5 s, 3 s, 2 s and 1 s, respectively (Fig. 7a) . At a wavelength of 915 nm, the DT% value changed from 30.6% to 6.9% as the switching time was decreased from 10 s to 1 s, i.e., a considerable decline of 77.5% in the change in transmittance was observed (Fig. 7b) . At a wavelength of 1500 nm, the DT% value was reduced from 46.4% (10 s) to 24.2% (1 s), i.e., a reduction of 47.9% was observed (Fig. 7c) . In summary, the DT% values were greatly dependent on the length of the switching time, and the changes in transmittance in the visible region were more sensitive to the switching time than those in the near infrared region. The other two polymer lms, namely, P1 and P3, also followed a similar pattern to that of the P2 lm, which suggested that the three polymers reported in the present study are not particularly suitable for use in display-type devices, but would nd applications in the eld of smart windows and other elds. The data for P1 and P3 are presented in Fig. S4 and S5 , † respectively.
Colorimetry
The CIE 1976 L*a*b* color space was used for identifying the color changes at various potentials and three different lm thicknesses, and the results are shown in Fig. 8 . L* refers to the brightness of the color on a scale from black to white, where the corresponding data range from 0 to 100, a* refers to the contrast between red and green, where a positive value means that the color tends to be red and a negative value means that the color tends to be green, and b* represents the contrast between yellow and blue, where a positive value means that the color tends to be yellow and a negative value means that the color tends to be blue.
38 Fig. 8 shows the measured values of CIE 1976 L* as a function of the potential difference, which gives an indication of the relative brightness of the lm as it was oxidized when illuminated by a standard D50 light source. At a potential of 0 V (vs. Ag wire), the polymer (P2) was in the neutral state and the L* values were 36.99, 45.16 and 56.99 for polymer lms with absorption maxima of 0.75 a.u., 0.65 a.u., and 0.35 a.u., respectively, which ranged from the thickest lm to the thinnest lm (Fig. 8) . The P2 lm with an absorption intensity of 0.75 a.u. exhibited a saturated black color with a* and b* values of 0.45 and À4.52, respectively (Fig. 8) . This phenomenon was in accordance with the absorption spectra of P2 lm, which covered the entire range of the visible spectrum and no colored light was transmitted through the polymer lm. With an increase in the potential difference, the L* values of the polymer increased and varied from 52.63 to 64.73 in the fully oxidized state of polymer lms with different thicknesses, whereas a* and b* remained at very low values at the same time (Fig. 8) . Collectively, the polymers could attain a highly transmissive state as dened by the L*a*b* color coordinates. The color changes of P1 and P3 followed a similar tendency to that of P2, and the related data are presented in Fig. S6a and b , † respectively, in the ESI.
Thermogravimetric analysis
The thermal stability of the polymers was also investigated by thermogravimetric (TG) and differential thermogravimetric (DTG) methods. For polymer P2, the weight loss was only 15.61% up to 410 C, which might be caused by evaporation of the solvent and water contained in the polymer (Fig. 9b) . Signicant and rapid weight loss was observed for P2 between 405 C and 500 C, and the maximum degradation rate occurred at 433.7 C, as indicated by the DTG curve. The gross weight was rapidly reduced to 30.57% at 500 C (Fig. 9b) , and then the weight loss became less obvious as the gross weight remained at 22.7% up to 780 C (Fig. 9b) . From the above analysis, it is obvious that the thermal stability of P2 is sufficient to meet the requirements of the operating environment of electrochromic materials. 13 The two other polymers had similar thermal stabilities to that of P2, and the data are shown in Fig. 9a and c. 
Conclusions
In summary, three newly designed donor-acceptor-type conjugated polymers were prepared by the random copolymerization of three units, namely, thiophene and ProDOT-decyl 2 as the donor units and isoindigo (iI) as the acceptor unit. The D-A-type polymers containing iI were used as electrochromic materials, and their related properties, including electrochemical and spectroelectrochemical properties and switching abilities, were recorded in detail. The optimization of the feed ratio of the donor units to the acceptor unit provided a powerful and effective means for the precise modulation of the absorption proles and colorimetric characteristics of the obtained polymers in the dedoped state, which made it possible to obtain neutral black and oxidized transmissive electrochromic polymers. At a low content of ProDOT-decyl 2 , the obtained polymer P1 exhibited a neutral cyan color, whereas both P2 and P3 exhibited a neutral black color at a relatively high content of ProDOT-decyl 2 . In the oxidized state, all three polymers switched to a transmissive gray color, which means that valuable color switches are available in the form of the resulting polymers obtained in the present study. Furthermore, P3 has the lowest optical band gap among D-A-type polymers containing iI reported up to the present, in combination with other desirable properties for switches, including moderate optical contrast and a rapid color change rate, which make the polymers reported in this study outstanding candidates for use in a wide range of smart windows.
